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ABSTRACT

The characteristics of the arc in a d-¢ arc plasma generator
having a Gerdien-type electrode configuration are described.
Particular emphasis is placed on the jet structure and its influ-
ence on the use of this type of generator as a research, hot gas
source. A complete explanation of the experimental methods
used to determine the true arc configuration is included. These
methods consisted of probe studies, high-speed photographs, and
various electrode configuration studies. The investigation was
made in a low pressure test cell and at atmospheric pressure.

The results show that at atmosapheric pressure the observed
flame exiting from the generator orifice is in reality the envelope
of many blown arcs. In the low pressure test cell, the expanded
flame is found to be free of these blown arcs; instead the arec is
contained in a small section near the orifice exit,
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NOMENCLATURE

Cross-sectional area, em?

Work, erg

Electronic charge, coulomb
Current, amp

Probe electron current, amp

Ion current, amp

Probe ion current, amp

Probe current, amp

Current density, amp/cm2
Plasma current density, amp/cm2
Probe current density, amp/em2
Boltzmann's constant

Number density of particles, number/cm3
Test cell pressure, mm Hg

Slope of data curve

Temperature, °K

Electron temperature, °K
Eleetric potential, wvolt

Average velocity, cm/sec

Mean free path, ¢cm
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INTRODUCTION

In many areas of research the plasma generator having the Gerdien
electrode configuration is used as a source of hot gas. The use of
equilibrium dependent spectrometric methods, electrical probes, and
other methods of measurement of the gas properties in the flame exiting
from this plasma generator has prompted the assumption of equilibrium
andf/or current free conditions in the flame. Therefore, knowledge of
the true arc and flame structure has become increasingly important.

A research program into methods of spectrometric measurements
of the properties of gases at high temperatures at the Rocket Test
Facility (RTF), Arnold Engineering Development Center, Air Force
Systems Command (Refs. 1 and 2), resulted in the design and fabrica-
tion of a plasma generator having the Gerdien electrode configuration.
Application of various experimental and mathematical methods {(Refs. 2
and 3) to the plasma flame yielded average gas temperatures on the order
of 15, 000°K. However, a method of simple energy balance in the plasma
generator system indicated a maximum average gas temperature on the
order of 6, 000°K. Since no error could be found in either method, atten-
tion was turned to the assumption of thermal equilibrium in the gas
stream. If thermal equilibrium does not exist in the ionized gas stream,
application of the spectrometric method is precluded, in that tempera-
ture in nonequilibrium systems is not defined. | Other investigators
{Refs. 4, 5, B, and T) have considered the plasma flame to be an ionized
gas in thermal equilibrium.]

This report describes a series of experiments designed to give posi-
tive information about the electrical structure of the jet and thereby to
ghow at what conditions the plasma flame can be considered to be in a
gtate of thermal equilibrium. Identical experiments were performed for
the case of the plasma exhausting into atmosphere and the case of the
plasma exhausting into a low pressure vessel. The experiments per-
formed are described, and the individual results are presented. Some
general results are then inferred from the individual experiments.
Finally, some conclusions are drawn concerning jet electrical structure
for both the atmospheric plasma flame and the low pressure jet, and an
interpretation concerning thermal equilibrium is made.

Because the terms plasma and arc are referred to throughout this
report, they are defined here for purposes of clarification. Plasma is

Manuscript released by authors September 1961,
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defined as an ionized gas which is electrically neutral; that is, the net
electrical charge is zero. An arc cannot be go clearly defined. How-
ever, for the purposes of this report, an arc is considered to consist
of a conducting path (in a gas) having a high current density and a high
electron temperature.

DESCRIPTION OF APPARATUS

PLASMA GENERATOR

The plasma generator used in all the experiments described in this
report employed the Gerdien-type electrode configuration. The operating
range was from 4 to 50 kw with chamber pressure ranging from 1.0 to
2.5 atm. The enthalpy of the gas ranged from 100 to 1000 cal/gm. A
detailed analysis of the operating characteristics is MRef. 1, and
a cross-sectional view is shown in Fig. 1. Figure 2 is a photograph of
the plasma generator and actuating mechaniam. The orifice electrode
used in these experiments was made of graphite, and a 1/4-in, -diam
orifice was used.

VACUUM CELL

The vacuum cell was designed and constructed at the Arnold Center.
It is a cylinder 8 ft long and 3 fi in diameter. The RTF exhauster system
(Ref. 8) in combination with an air ejector provides a cell pressure of
0.2 mm Hg with zero secondary flow and will provide a cell pressure of
0.55 mm Hg during a typical run made with a secondary flow from the
plasma jet of approximately 5 gm/sec.

EXPERIMENTAL APPARATUS AND INSTRUMENTATION
Various measuring devices and probes were used in the experiments.
The probes are described in the appropriate sections and are shown

pictorially in Fig. 3. Other instrumentation consisted of oscilloscopes,
precision potentiometers, meter shunts, and electrical meters.

EXPERIMENTAL PROCEDURE AND RESULTS OBTAINED AT
ATMOSPHERIC PRESSURE

The work on plasma diagnostics reported in Refs. 1, 2, and 3 was
performed with the plasma jet exhausting into the atmosphere. At this

10
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condition the plasma flame appears to the eye as a_’ghly luminous jet
_about 1-1/2 in.-long;.if_a _welding glass_is used to view the jet, a bril-

liant cone about one-inch long is seen surrounded by a sheath of less / y/
‘[amincus | g_‘_‘,__,_ThIS jet is very convenient for spectrometric measure- e

ments. However, the discrepancy between the temperature of the plasma
found by the spectrometric method and by an energy balance method gave
rise to the suspicion that some nonequilibrium mechanism of energy
trangfer to the gas was present. Therefore, two possible arc mechanisms
within the plasma generator were hypothesized and are illustrated in
Figs. 4a and b. In Fig. 4a the arc, because of the gas flow, is blown
outside the orifice and forms small, high current-density channels which
move about at a high frequency. In Fig. 4b the arc attaches itself uni-
formly around the inner part of the orifice, and the gas passing through
the arc produces a current-free plasma flame on the outside of the orifice.

HIGH SPEED PHOTOGRAPHS

If arc channels are assumed to exist outside the orifice, high speed
photographs should reveal the channels or their fluctuations. Therefore,
photographs were taken at framing speeds varying from 2.0 x 104 fps to
0.5 x 106 fps. A sequence of photographs taken at this latter frequency
is shown in Fig. 5. Although no definite arc channels can be seen in the
photographs, it is obvious that fluctuations in ihe jet pattern did occur.
Since the photographs did not produce results which could be interpreted,
other experimental procedures were necessary in order to obtain a hetter
description of the flame mechanism.

ELECTRICAL PROBE STUDIES
Current Probes

The firat new approach was
the use of an electrical probe to
check the hypothesis illustrated
by Fig. 4a. The study consisted of
mappingthe shape of any current
paths that might exist outside the

PLASMA JET (SIMPLIFED)

PLASMA FLAME
N/ .
L INSuLATING CERAMIC

a
PROBE

DETAIL OF FROBE

orifice using the probe circuit p——— MILLIAMMETER
shown in SchematicI. (The probe
consisted of a length of 1/8-in.- 35 TUNGSTEN

diam insulated tungsten rod,
Fig. 3a.) The procedure was to
adjust the depth at which the probe was inserted into the flame at points
along the axis to obtain a constant current.

SCHEMATIC |

11
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The data from this experiment are shown in Fig. 6 in terms of
consgtant probe current as a function of probe position. Special note
should be made of the smooth appearance of the plot; the bluniness on
the end implies the possibility that this may be the turning point of the
blown arc channel. The most significant fact determined from this
experiment was that an appreciable current could be made to flow
through the probe circuit.

It was noted that higher currents could be detected nearer the
plasma flame center by inserting the probe deeper into the flame and
that the heat transfer to the probe was not sufficient to cause melting
in time increments on the order of several seconds. Therefore, an
alternate to the experiment of Schematic I was suggested. The circuit
of Schematiec II was the same as shown in Schematic I, but the probe
was uninsulated, as shown in Fig. 2b. Three ammeters were used to

/—-PLASMA JET (SIMPLIFIED)
\\\\\\\‘\\\\\\\ /—PL ASMA FLAME

:)J % DIAM TUNGSTEN PROBE
,2,3 AMMETERS

SCHEMATIC 1l

D-C POWER
3 SUPPLY -~

1ih

.

determine whether the probe current was coming from the inner or
the orifice electrode. If the hypothesis of Fig. 4a were correct, then
the probe should interrupt the blown arc current paths and provide

a parallel electrical path back to the orifice anode. The probe tip was
placed near the center of the plasma stream for these experiments.
(Meters 2 and 3 actually consisted of current shunts, and the millivolt
readings were made with precision potentiometers in order to obtain

the desired readability, The probe current was read with an ordinary
ammeter.) When this experiment was performed, the probe current
{(ammeter 1) varied from zero at the flame tip to seven amperes when the
probe was 0. 10 in. downstream of the orifice exit. At each point it was
found that the sum of the currents in ammeters 1 and 2 was equal to the
total current in ammeter 3. A plot of these data is shown in Fig. 7, and
an example of the data is shown in Table 1. The significance of the result

12
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was the fact that the large currents detected in the flame were shown to
be the result of splitting the orifice electrode current and the fact that
the insertion of the probe did not alter the operating characteristica of
the plasma generator. This experiment strongly indicated the possibility
of the existence of a blown arc; it did not necessarily prove the existence
of a pattern such as that hypothesized in Fig. 4a.

Another interesting phase of the experiment made with the probe
circuit of Schematic II involved measuring the probe current as a func-
tion of gas flow. Reference 1 showed that when the gas flow of the plasma
generator was increased, the total electric current to the plasma genera-
tor system decreased. Therefore, it would be expected that the probe in
the plasma stream would draw less current as the total current decreased.
However, when this experiment was performed with the probe 1/2-in, down-
stream, it was found that as the gas flow increased and.the-ietal-current de}
decreased the probe current ificreased. This result definitely showed that
the action of the increased gas flow forced the blown arc still farther out-
side the orifice electrode when the flow was increased.

Deuble Probe
To substantiate the data so far obtained, that is, to establish that
the probe of Schematic II was not simply immersed in a conducting

medium but was actually interrupting current paths, a third experiment
(Schematic III) was conducted. The probes (Fig. 3c) were inserted into the

- —p—— — — —
/ "I-\.
%: T
PROBES FLUSH ™~

WITH INSULATING )
MATERIAL s
/

—
S o
——— INSULATING MATERIAL
PLASMA FLAME (PORCELAIN}
PLASMA JET 1‘
ORIFICE ELECTRODE DIRECTION OF
TRAVERSE
OSCILLOSCOPE 7—55 DIAM TUNGSTEN PROBES
\ SPACED [§ APART

R) W‘I’;m MWWL#L&W@&JM
Peachivy We frofe i by ogle, tor spaed 7
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gtream {oriented as shown in Schematic III), and the voltage between the
probes was recorded on an oscilloscope. A traversing mechanism
allowed the probe to be quickly passed through the stream so that the
small probes did not melt. A potentiometer was attached to the travers-
ing mechanism, and the signal generated by it was used to deflect the
oscilloscope horizontally. The potential between the probes caused a
vertical deflection of the p_scil_loscope spot so that it traced out a plot of
probe voltage as a function of position within the plasma flame. The
experiment is based on the hypothesis demonstrated in Fig. 4a. If the
arc paths were outside the orifice, the double probe in its traverse could
firat interrupt current flow in one direction and then in the opposite
direction. The probe in its traverse would thus registier a potential on
the oacilloscope in first one direction and then in the other. The results
of this experiment are shown in Fig. 8. Vertical positive deflections
indicated a difference of potential between the two probes, the higher
potential being nearest the orifice electrode. For the data shown in

Fig. 8b, the traverse time wasg on the order of two seconds. From the
trace it is seen that the polarity reversed many times, an indication of
rapid movement of the blown arc¢ relative to the axial centerline of the
flame. .

Although the double probe experiment strongly substantiated the
hypothesgis illustrated by Fig. 4a, some consideration was given to the
validity of the double probe experiment. The double probe technique
gshown in Schematic III was based on the interruption of a current path
or arc path by the double probe and on the fact that this was equivalent
to placing the two probes across a small section of the arc or across a
resistance containing a flow of electric current. To investigate the
validity of the double probe, consider Schematic IV. In this circuit if
the arc resistance, R,, ig connected with a parallel resistance, R,, the
volimeter reading is given by

veil_ToB

R, + R,

’,r-PLASIIn FLAME
—_——
-— — —
% —_—
PLASMA JET

ORIFICE

ELECTRODE
wz0iaM TUNGSTEN PROBE
SPACED L APART

«— DOUBLE PROBE

INSULATING
" MATERIAL

NOTE: Ry>> Rg>> Ry

: — VOLTMETER

SCHEMATIC IV
14
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If now R, is changed to R, where R, > R,, the value of the total circuit
resistance will increase. If then R, is, in fact, a resistance, there will
be a corresponding increase in the voltmeter reading. However, if
between the two probes there ig a pure emf source of some kind, there
must be no change in the voltmeter reading. Data from this circuit for
R, = 7.5 x 10°Q gave a voltmeter reading of V = 0.05 volt, for R, = 3.3 x 100,
V = 0.06 volt, and for R, = 1.1 x 10°Q, V = 0.08 volt. From these values,
it is seen that as the parallel resistance increased so did the voltage dropfz
between the probes. Therefore, the arc may be considered as a series o
small resistors, and the double probe technique is valid. P
~—

A study to give a better understanding of the double probe technique
was made by considering the experiment illustrated in Schematic V.
Here the direction of current flow and potential distributions of the arc

D-C POWER SUPPLY
¢

CYLINDRICAL CYLINDRICAL
CATHODE/ ARC /—ANODE
L L L L '/_ — L L
L L L LS LS
DOUBLE PROBE
O
GAS IN
0SCILLOSCOPE

SCHEMATIC v

discharge were known, Therefore, it should be quite easy to interpret

the results of a probe oscilloscope trace. Oscilloscope traces from this
circuit (shown in Fig. 9) were always positive, an indication that the cur-
rent flow was from cathode to anode, which agrees with the way the circuit
was set up and shows that the double probe correctly defined the direction
of current flow in the arc discharge,

The circuits of Schematics III and V were also used in attempts to

define the frequency characteristics of the oscillations shown in Fig. 8
by holding the probe stationary and displaying-the trace as a function of

15
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of time on the oscillogscope. The results of this investigation indicated
that the frequency of the oscillations was completely random and greater
than 10 me. The significant point here is that the arc is a non-steady
process at a very high frequency.

Langmuir Probe

A classic method of investigating electric discharges in gases is by
the use of Langmuir probes {(Refs. 9, 10, 11, and 12). Application of
the Langmuir probe circuit to the plasma generator system is illustrated
in Schematic VI. A complete discugsion of the probe theory is given in
Appendix A.

/— PLASMA JET

NAANN \N /-PLASMA FLAME

¢ g

. PROBE  -DIAM STEEL
N —AwveTeR PRy z

TS e
-I-ll
DIAM INSULATING
DG, POWER ve | ¥ CERAMIC
| PE—
n ||I VOLTMETER
SCHEMATIC VI

From the theory given in Appendix A, a plot of the logarithm of
current density as a function of probe potential should yield a curve with
a straight line section in the negative region which becomes concave
downward as the probe potential approaches zero and becomes conatant
as the probe becomes positive if the flame is in thermal equilibrium.
The straight line section satisfies the Boltzmann equation

Jes = Jep exp (- ;—,¥)
and is a necessary condition for thermal equilibrium to exist in the
ionized gas stream.

The degree of equilibrium of the plasma flame was investigated uaing
the Langmuir probe theory. A typical set of data is shown in Fig. 10.
Here, a plot of I, va V is shown for a probe immersed in the edge of a
plasma flame (see Ref. 11 for an interpretation). Thus I, is the current

16
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to the probe, and V is the probe potential. It was noted that as the voltage
was changed in the negative direction, beyond -8 volt, the probe became a
reflector of electrons, and the current became slightly negative as a .
result of the impingement of positive iongs. The current approached a
negative constant value, I;s, as the potential was increased negatively.

At -8 volts there was a sudden increase in current; this is the point at
which the fagter electrons begin reaching the probe. At Iz = 0 the elec-
trong arriving at the probe are equal to the total charge of the ions arriv-
ing; at voltages greater than -8 volts and less than zero volt the current
meagured is the electron current, 1.5, which is computed for purposes

of caleculation by '

Ies = Is + IPE

and is the total electron current to the probe. It is this region (-8 volts
to 0 volt) that is of interest, and data were taken for a plane probe
immersed in the plasma at various points within the stream. Thesge
reduced data are shown in Fig. 11. Note that as the probe proceeded
into the stream the data deviated more and more from the straight line
criteria of the Boltzmann equation, an indication of nonequilibrium in the
center section of the flame. Although the datae indicated the possibility of
equilibrium in the outer portion of the flame, it must be remembered that
the mean free path of the electrons at atmospheric pressure (A ~ 10™"cm)
is much smaller than the probe diameter. Therefore, consideration
must be given to possible disturbing effects of the probe on the plasma,
and quantitative results would not be expected to be accurate.

Assuming the arc structure of Fig. 4a where the greater portion of
the blown arc is in the center section of the flame and the rapid movement
of the arc makes the outer portion of the flame not quite so unstable, cer-
tain predictions as to Langmuir probe data can be made. If the probe is
immersed in the outer edges of the flame, a reasonable approximation to
a Maxwellian distribution should be observed. However, as the probe
proceeds into the flame, thus interrupting the nonequilibrium arc paths,
deviation from a Maxwellian digtribution should increase. The data in
Fig. 11 show that this prediction holds. Curve one is very nearly a
straight line and the data were taken at the flame edge. However, aB
the probe moved into the flame in 1/32-in, increments, the deviation
from a straight line {or Maxwellian distribution) increased. From thig
and proceeding experiments then, it appears that the arc is not only blown
outside the orifice anode but is, for the most part, contained in the center
portions of the flame, as assumed in Fig. 4a.

17
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PLASMA GENERATOR POLARITY

When the plasma generator was firat operated {(Ref. 1), it was noted
that much more stable operation could be obtained with the orifice elec-
trode polarity positive and the inner electrode polarity negative. Fig-
ure 12 shows two photographs of the plasma generator operating; Fig. 12a
shows normal operation (orifice electrode positive), and Fig. 12b shows
the plasma generator operating with the orifice electrode negative. Both
photographs were taken with identical camera settings and camera posi-
tion and with the plasma generator operating equipment set at identical
values. “With the orifice polarity positive (F'ig. 12a), the electron
current flow was from the inner electrode to the orifice electrode and in
the same direction as the gas flow. However, with the orifice electrode
negative (Fig. 12b), the electron current flow was opposite to the gas
flow. In Fig. 12b the action of the gas flow has forced the arc farther
outside the orifice, and part of the arc has attached itself to the face of
the orifice electrode. This attachment is seen as a lump at the bottom
of the flame in Fig. 12b. Special note should be taken of the length of
the flame shown in Fig. 12b; it is approximately two inches long as op-
posed to one inch for the plasma jet in normal operation (Fig. 12a). This
phenomenon gives still further support to the hypothesis illustrated in
Fig. 4a. The attachment of the arc to the orifice face shows that elec-
trons are emitted at this point and then move against the action of the
gas flow to the inner positive electrode. However, in the process of
moving to the inner electrode, the electrons are blown downstream, and
thus the flame length is longer than the flame obtained when the generator
is connected for normal operation.

INTERNAL ARC

A final observation on the atmospheric plasma flame was concerned
with the structure of the internal arc, that is, with the section of arc
from the inner electrode to the inner part of the orifice electrode. Nor-
mally, this section of arc cannot be observed. However, at Arnold Center
a plasma generator was constructed with a ¢ylindrical glass body. It was
then possible to photograph the internal arc at normal operating conditions
of the plasma generator, as shown in Fig. 13. The diameter of the orifice
is shown, and the inner electrode is visible. The direction of gas flow
was frgw\ir‘t‘&to right. Note how the action of the gas flow and the self-
induced efeetFic field has constricted the arc so that its diameter is
smaller thantheorifice and is centered in the orifice entrance. No appar-
ent attachment to the orifice can be detected. This is the expected arc
configuration if the blown arc theory is valid.

18
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EXPERIMENTAL PROCEDURE AND RESULTS OBTAINED AT
LOW PRESSURE

The results of the studies of the atmospheric plasma flame indicated
a very complicated electrical structure within the jet., Therefore, results
of gpectrometric measurements might be in serious error. One method
of studying the blown arc problem was thought to be an expansion of the
gas jet in a low pressure test cell and an investigation of the expanded
jet. However, in order to justify this procedure it was necessary to
examine the expanded jet in the same way as the atmospheric jet had been
examined. Figure 14 is a photograph of the plasma jet exhausting into a
test cell pressure of 0.55 mm Hg. For clarity, the two portions of the
flame were named. The bright section at the orifice exit wasg called the
hot core, and the downstream luminous section was called the expanded
flame.

ELECfRICAL PROBE STUDIES
Current Probes

To investigate the structure of the expanded flame, a plot of constant
current values as a function of probe position relative to the flame center-
line was made. This experiment utilized the probe shown in Fig. 3a and
the circuit of Schematic I. The data points are shown superimposed on
the photograph in Fig. 15. Each dot on the photograph represents a
probe position for which a current value of 2, 0 milliamperes was obtained.
As the probe was inserted into the stream center at each position, the
probe current increased, This increase at the gstream center was found
to be a maximum of one amp at a position 1/8 in. downstream from the
orifice, 75 milliamperes 6 in. downstream, and 14 milliamperes 12 in.
downstream. The normal shock wave occurred about 4 in, downstream
of the orifice exit, and it was found that in this shock wave a current of
210 milliamperes could be detected by the probe. On the upstream side
of the shock wave, the current to the probe was 65 milliamperes; on the
downsiream gide, it was 100 milliamperes. The data are shown in
Table 2.

The plot in Fig. 15, although smooth, does not have the same shape
as the similar plot of the atmospheric plasma flame but seems to follow
the supersonic flow streamline. This is perhaps indicative of the meas-
ure of the conductivity of the ionized gas stream. The significance of
this measurement is that the data are not at all similar to equivalent
data taken from the atmospheric jet. Also, the value of the current that
can be detected at any position in the expanded jet is very small compared
with the total arc current.
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The probe circuit illustrated by Schematic II was used with the tung-
sten probe (Fig. 3b). Here the probe collecting area was much larger
than the collecting area of the probe of the previous experiment and
would, therefore, draw a larger value of current. Thus, this circuit
is, perhapas, a better method of investigating the structure of the ex-
panded flame when it is used with the probe shown in Fig. 3b. In this
experiment, as in the same experiment on the aimogpheric pressure
plasma flame, the probe current was measured as a function of distance
downstream, The results are shown in Table 3 and are of great interest
in that very litile change could be detected in the probe current as the
probe was moved downstream. This is a definite indication that the
blown are does not exist in the expanded flame, However, when the
probe was placed in the hot core section, the data were in the same
range and similar to the data taken from the atmospheric plasma jet.
This is a strong indication that the blown arc is contained only in the
hot core.

Double Probe

The double probe experiment {Schematic ITI) was also utilized to
study the expanded jet. Figure 16 is a plot of the potential between the
double probes as a function of the probe position relative {0 the gas
streara centerline. The data were obtained at a plane approximately
4 in. downstream of the orifice exit. Particular note should be taken
of the fact that the potential was at all times in the same direction, that
is, any current paths in the gas stream were all in the same direction.
The polarity reading on the voltmeter (which was substituted for the
ogcilloscope in this experiment) was set up go that a voltage drop in the
direction downstream of the orifice caused a positive deflection, Ob-
viously, then, any current paths in the expanded stream were moving in
one direction. When the double probe was inserted into the hot core
gection, it was observed that the potential reversed many times, an
indication that in this section of the flame the blown arc existed in much
the same manner as in the flame of the atmospheric jet.

(A voltmeter was used in place of an oscilloscope in the preceding
experiment because of the high level of electronic noise in the evacuated
test cell. The flame did not have a detrimental effect on the probe
because of the much lower temperature of the expanded flame compared
with that of the atmospheric pressure plasma flame.)

Langmuir Probe

The Langmuir probe (Appendix A) was applied to the plasma jet
exhausting to low pressure (Fig. 14). The probe wasg immersed in the
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plasma flame at various points to determine when the data would satisfy
the Boltzmann equation and therefore would define sections that might

be in equilibrium and current-free. Figure 17 is a plot of the reduced
data from the Langmuir probe circuit of Schematic VI. Curve number 1
in Fig. 17 is of particular interest because these data were obtained
from the probe immersed in the hot core. The curve does not exhibit a
characteristic as predicted by the theory (Appendix A) and therefore does
not gatisfy the Boltzmann equation. Thus, there is a departure from
equilibrium among the electrons in the hot core. Each of the other curves,
however, has straight line sections, an indication that the Boltzmann
equation is satisfied in that particular region. This is a necessary but
not sufficient condition for equilibrium in the ionized gas stream.

PLASMA GENERATOR POLARITY

The final phase of experimentation with the plasma jet exhausting to
low pressure consisted of reversing the polarity of the power supply.
In normal operation (Fig. 1Ba), the orifice electrode of the plasma jet
was positive, and electrons traveled from the inner electrode to the
orifice electrode in the same direction as the gas flow. In Fig. 18b the
generator was operating with the orifice electrode negative, and part of
the arc had attached itself to the outer face of the orifice electrode.
From these photographs it was seen that when the orifice polarity was
negative the flame was longer and wider than the flame which existed
when the orifice electrode was positive. The action of the gas flow,
then, caused the arc to be forced farther downstream and provided a
large hot core gection.

DISCUSSION

The experiments described in the previous sections were each de-
signed to contribute some significant information about the electrical
structure of the plasma flame. Therefore to discuss the experiments in
the section on atmospheric plasmas, a mechanism of arc structure was
assumed and then examined on the basis of the experimental results.
Consider Figs. 4a and b. In Fig. 4b the arc is attached to the inner part
of the orifice, and the gaa passing through the arc produces a current-
free plasma flame on the outside of the orifice. In the ideal case, the
plagsma would be in equilibrium at atmospheric pressure. In the second
configuration (Fig. 4a), the arc, because of the gas flow, is blown out-
gide the orifice and forms small high current-density channels which
move at a high frequency. This configuration would not be expected to
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conform to an equilibrium plasma. The experiments were designed to
check the validity of these hypothetical assumptions.

ATMOSPHERIC PRESSURE

The high speed photographa in Fig. 5 pointed out the need for probe
studies. These photographs showed that if the arc were blown outside
the orifice the frequency of its movement was too great to be shown,
even at camera speeds as high as 0.5 x 105 fps,

The probe studies were much more informative. A probe study
utilizing Schematic 1 mapped the shape of a constant current envelope.
This current contour (Fig. 6) was approximately the same shape as the
observed plasma flame, leading to the conclusion that perhaps this cur-
rent contour was the envelope of the blown arcs and that the hypothesis
of Fig. 4a was correct. The envelope of blown arcs, because of the
breaking up of the arcs at the end of the flame, should have a higher cur-
rent density at the center of the envelope and at the orifice exit than at
the end of the flame. This theory was found to hold when the circuit in
Schematic II was uged. The plot of the current to the probe as a function
of distance downstream of the orifice exit {Fig. 7) showed that as the
probe moved downstream, thus interrupting fewer and fewer current
paths or arcs, the current decreased in nearly a linear fashion until the
probe reached 0.4 in, downstream. At this point, the curve began to
decrease by a far lesser amount, an indication that the probe was now
beyond the arc paths and was in a conducting ionized gas.

The hypothesis in Fig. 4a was further verified by proving that the
current paths actually existed., Schematic ITI (double probe) provided a
method whereby it could be shown that each arc path could be located by
the drop in potential in the direction of current flow within the path. The
reversal of polarity between the probes clearly showed that there were
current paths in both directions. The only explanation for this was the
loop arc (Fig. 4a).

Photographs taken of the plasma flame (Fig. 12) in normal {orifice
electrode positive) operation and with the orifice electrode negative
showed that the action of the gas flow blew the arc still farther down-
stream when the orifice electrode was emitting the electron flow.

The application of the Langmuir probe theory to the atmospheric
plasma flame gave an indication of the location of the blown are with
respect to the stream centerline. With the probe in the outer portion of
the stream, a Maxwellian distribution of electrons was noted. However,
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as the probe moved into the stream, deviation from the Maxwellian
distribution became greater. If the arc were not in equilibrium, it
follows that the probe was not in an arc path at the extremities of the
flame but interrupted these paths as it moved into the stream.

When Eq. (A7) from Appendix A was applied to the data in Fig. 11,
it was obvious that

T =S (1)

where S is the slope of the curve. From this a value of T can be calcu-
lated. Application of Eq. {1) to each curve in Fig. 11 resulted in

Te, ~ 12,000°K
Te, = 18,000°K
Te, = 18,000°K

where Te,, Tes, and T, are electron temperatures calculated from
curves 1, 2, and 3, respectively. These values are electron tempera-
tures and are in close agreement with gas temperatures found by the
spectrometric method {(Ref. 2). If it is assumed that the Langmuir
probe data yield electron temperatures that are nearly correct, it
appears that the spectrometric method of temperature measurement
defined in Ref. 2 is not a measurement of gas temperature but, because
of the blown arc, is a measurement of electron temperature in the arc
channel.

It should be pointed out that the application of Langmuir probe
theory to the atmospheric plasma flame is not completely valid. The
probe method requires that the mean free path of the gas molecules be
long compared with the probe diameter so that the disturbing effect of
the probe on the plasma will be negligible. In the atmospheric ﬂame
the mean free path is short compared with the probe diameter A ~ 10 'em).
Therefore, error might well be encountered with this technique. How-
ever, the results of the Langmuir probe method imply that at the gas
stream extremities there is little disturbing effect by the probe, and the
method is useful in defining the location of an arc channel.

The final proof of the validity of the hypothesis in Fig. 4a lies in the
increased gas flow experiment. Reference 2 showed that, as the gas
flow to the plasma generator was increased, the total electric current
decreaged, Therefore, when it was found that the probe current actually
increased as the gas flow increased and total current decreased, the only
explanation was that more arcs were being blown outside the orifice. .
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LOW PRESSURE

Before discussing the results of the experiment at low pressure,
certain observations must be made. The first concerns the relative
intensity of the expanded flame as compared with the atmospheric flame
or the hot core of the altitude flame. At atmospheric pressure the bril-
liant bluish plasma flame is of such high intensity that observations with
the naked eye are impossible, However, the expanded flame ia of rela-
tively low intensity to the eye, light red in color, and partially trans-
parent. This leads to the preliminary conclusion that in the expanded
section the blown arc does not exist. The second observation refers to
that section called the hot core (Fig. 14). The blown arc might well be
established in this section because of the extremely high light intensity
present. Therefore, for testing at low pressure two parts of the flame
must be discussed, the hot core and the expanded flame.

The results of the current probe studies indicated that the expanded
plagsma flame behaved as a highly conductive medium but did not behave
as an arc would be expected to. This was shown by the very nearly con-
stant current that could be detected when the probe in Fig. 3b was placed
anywhere in the stream. Also, the very small current that could be
detected with the probe in Fig. 3a indicated that arc currents were
probably not present. However, when the probe was inserted in the hot
core of the jet, high currents could be measured just as in the case of
the atmospheric jet.

Application of the double probe technique, Schematic VI, 1o the
expanded flame gave even more support to the theory that the blown arc
is contained only in the hot core. When the double probe traversed the
expanded flame (outside the hot core), the potential between the probes
(Fig. 15) was always in the same direction, away from the orifice, and
increased as the probe was moved toward the extremities of the flame.
Data were obtained at planes of measurement one inch apart up to a dis-
tance of 10 in. downstream. In every case, the data were similar to the
typical data shown in Fig. 6. A reversal of potential drop could not be
detected at any point in the expanded flame.

It remains to explain why, if the double probe is not interrupting
arc paths, the two probes have a difference of potential. Recombination
of the gas components occurs as they move downstream. Therefore,
moving downstream there is a loss of total potential energy of any cross
section of the stream. Because the elecirons have a much higher
mobility than the ions and neutral atoms, the current through the volt-
age measuring device is electron current, and there are more electrons
impinging on the upstream probe than on the downstream probe. Thus
there is a difference of potential between the probes.
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When the double probe was passed through the hot core of the ex-
panded jet, it was found that the polarity reversed many times, an
indication that the blown arc existed in the hot core but was not blown
any farther downstream in the expanded jet than in the atmospheric jet.

The Langmuir probe circuit, when applied to the low pressure
plasma jet, was of prime interest. At a test cell pressure of 0.55 mm Hg,
the mean free path of the gas components was approximately equal to the
effective probe diameter (A = 0.6 cm), and therefore the disturbing effect
of the probe was small. When the probe was immersed in the hot core
at the orifice exit, the data (Fig. 17, Curve 1) were not in agreement
with the theory, and the deviation from a Maxwellian distribution indi-
cated nonequilibrium or blown arcs. The electron temperature calcu-
lated from this curve was 37, 800°K, which is not a reasonable value for
the electron temperature of an equilibrium gas. At a position 4in. down-
stream, the data (Fig. 17, Curve 2) agreed very well with theory and
yielded an electron temperature of 8, 300°K. Curve 3, although taken
4 in. downstream, was at flame edge. Here again the result was un-
stable, and a Maxwellian distribution of electrons could not be estab-
lished; the temperature calculation gave 14, 600°K. The probe in the
gtream center 6 in. downstream yielded good data, and an electron
temperature of 6, 500°K was calculated. From this it was concluded that
the Langmuir probe in the expanded stream will define the areas where
the electrons have a Maxwellian distribution and the areas of nonequilib-
rium blown arcs.

CONCLUSIONS

ATMOSPHERIC PRESSURE

The addition of energy to the gas stream in the Gerdien-type plasma’
generator is not, in itself, an equilibrium process. For the gas stream
to achieve an equilibrium condition, it must be out of the area of energy
addition. In the d-c arc-excited plasma generator at Arnold Center, the
arc is blown outside the orifice (when exhausting to atmosphere)}; thus
part of the addition of energy to the gas takes place outgide the orifice.
The observed plasma flame is in reality, then, the envelope of many
blown arcs. Since the blown arcs contribute most of the electromag-
netic radiation from the flame, equilibrium dependent methods of tem-
perature measurement using this radiation would be in error.
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LOW PRESSURE

The plagma generator exhausting to low pressure produces the ex-
panded flame and a hot core. The hot core is the blown arc envelope
and is a nonequilibrium arc discharge very similar to the atmoapheric
jet. The expanded flame {or ionized gas stream) is in the inner part,
probably in equilibrium, and current-free in the elecirical sense. There
is a flow of high energy electrons in the expanded stream which is the
result of collisions and ionization.but no current flow caused by an elec-
tric potential. —

The studies made utilizing the theory set forth by Langmuir show
that there exists a Maxwellian distribution of electron velocities in the
expanded flame and this infers the possibility of equilibrium. The ex-
panded flame should therefore serve well for studies into the kinetics
of hot gases.
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APPENDIX A
THEORY OF THE LANGMUIR PROBE

If the probe in Fig. Al is considered to be immersed in the plasma
between the anode and cathode of the gas discharge tube (Refs. 9, 10, 11,
12, and 13), the probe potential, with respect to the anode, can be varied
from - Vg/2 to+Vn/2, and the

r
corresponding probe current /—GAS DISCHARGE TUBE

can be measured., The graph [

in Fig. A2 is an example of the ANOE:E ) /

distribution of electric current /

to the probe obtained when the _

probe potential is varied, In 2 Q: CATHODE

the region "ab" of the curve in 5\.&

Fig. A2, the probe is a reflec- ‘ PROBE
tor of electrons, and a positive

ion, space-charge-limited cur- M | Ve |
rent flows to the probe. At it
point b on the curve the faster
electrons begin reaching the
probe, and as the probe poten-
tial decreases still further the
ion current to the probe decreases until at point ¢ electrons and ions are
arriving at the probe in equal numbers. At point d the probe is at plasma
potential, and total electron and ion current is being collected. Therefore,
from the theory set forth by Langmuir (Ref. 10) the section of the curve
"bed" may give information as to the distribution of electron velocities in
the plasma.

Fig. Al Gos Discharge Tube and Circuit
for Prebe Analysis

i : To show how the curve "bed" may
give this information, consider the

d ff following argument. In an equilibrium

e gituation {a Maxwellian gas), the ratio
of the number density of particles in
one region to the number density in
ancther region with a difference of

s c o} tVes2  potential between the two regions is
4 given by the Maxwell-Boltzmann dis-
a b IT tribution, that is, the equilibrium
'p solution of the Boltzmann integrodif-

Fig. A2 Varlation in Probe Current with ferential equation,

Changes in Probe Potential

N E
T: = exp ~ —= (Al)
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where N, and N, are the number density of particles in each region, E is
the work required to move a particle from one region to the other, k is
Boltzmann's constant, and T is the absolute temperature. Jf the particles
are considered to be electrons and the potential between the region is

V volts then

E = -Ve (A2)
and Eq. {Al) becomes

N, eV

N, - P 3T (A3)

Current density is given by

e (A4)

where 1 is the current in amperes, A is the cross-sectional area of the
conductor, n is the number density of electrons, e is the electronic
charge, and v is the average random electron velocity. The application
of Eq. (A4) to Eq. (A3) yields

Jl _ eV
1. - %P TaT {A5)

and, if ], is the current density of the probe and J, is the current density
of the plasma, then

Jes = Jep exp i¥ (AG)
If the natural logarithm of Eq. {A6) is taken, the result is '

In ]es = Iﬂ Jep + :X, (AT)

Equation (A7) provides a means by which the existence of equilibrium in
the plasma can be established. Consider the graph in Fig. A3. Here
the logarithm of probe current
density as a function of probe
potential is illustrated using data __‘l‘
from the circuit shown in Fig. Al. iy f
The points, bd, on the typical

graph (Fig. A3) correspond to the

points, bd, in Fig. A2. There-

fore, since in the region''bd" the

plot is a straight line, Eq. (A7) is .;1
satisfied, and the existence of a - b
Maxwellian diatribution of elec-

trons is established. Fig. A3 Logarithm of Probe Current Density
os a Function of Probe Potential

In Jgs

+V
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The slope of the curve in the region bd'" can readily be measured.
Also from Eq. (A7)

e =
kT, =8

where S is the measured slope. This allows calculation of the electron
temperature, T., in that the values of the constants e« and k are known.
For a more complete analysis of the theory of the Langmuir probe, see
Refs, 10 and 12,
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DISTRIBUTION OF CURRENT IN PLASMA JET CIRCUIT WITH

PROBE IMMERSED IN PLASMA STREAM

AMMETER AMMETER AMMETERS AMMETER DISTANCE FROM
1 2 1 +2 3 ORIFICE EXIT. in.
0.5 amp +0.5 amp 0.5 amp 0.5 amp
Q 179.0 179.0 174.0
8.00 171.8 179.8 180.3 0.13
6.40 175.0 181.4 181.4 0.19
5.00 177.3 182.3 182.3 0.25
3.60 179.2 182.8 1B2.6 0.31
2.30 180.5 182.5 182.5 0.38
1.20 181.0 182.2 181.9 0.44
0.80 182.5 183.3 183.0 0.50
0.60 182.5 183.1 182.6 0.56
0.30 183.0 183.3 182.8 0.63
0.10 183.2 183.3 182.9 0.69
0.04 183.5 183.54 183.0 0.75
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TABLE 2*

DISTRIBUTION OF CURRENT IN EXPANDED PLASMA FLAME

1/8 | /8|2 1/8 |3 1/8 |4 1/8 |5 1/8 |6 1/8 |7 1/8 |8 1/8 (9 1/8B |10 1/8 |11 1/8 |12 1/8
Siream 56 14 28 10t 15 15 10 8 6 4 3 2
Edgc
1/4 .
Into 220 120 80 1007 65 58 50 28 22 12 12 7
Stream
Center 1000 | 110 80 65 210t 100 75 60 40 34 22 18 14

*The table shows prohe current in milliamperes as a function of distance downstream (horizontal
headings) and probe position in the gas strcam (vertical headings).

‘LOCH.LiOTI of normal shock wave

E1*19-41-003Y¥
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TABLE 3

DISTRIBUTION OF CURRENT IN PLASMA JET CIRCUIT AT
LOW PRESSURE WITH PROBE IMMERSED [N PLASMA STREAM

AMMETER 1 AMMETER 2 AMMETER (1 + 2) AMMETER 3 DISTANCE FROM
+0,5 amp +0.5 amp 0.5 amp +0.5 amp ORIFICE EXIT, in.
4.0 157.4 161.4 162.0 0.1
4.0 157.4 161.4 162.0 1.0
3.8 157.8 161.6 162.0 2,0
3.8 157.8 161.6 162,0 10.0
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Fig. 2 Photograph of Plasma Generator
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Fig. 4 Possible Arc Configurations in Gerdien-Type Plasma Jet
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Direction of Gas Flow

=

Fig. 5 Sequence of Pictures of Plasma Flame (Taken at 565,000 fps)
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Fig. § Contour Curve of Constant Probe Current
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a, 0.5 sec. Trace. Two Yolts b. 2.0 sec. Trace. Two Volts
Peak to Peak Full Scale Peak to Peak Full Scale

Fig. 8 Oscilloscope Traces from Double Probe Immersed in Plasma Flame
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a. Two Volts Peak to Peak b. One Volt Peak to Peak
Full Scale Full Scale

Fig. 9 Oscilloscope Traces from Double Probe Immersed in Arc Discharge
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a. Schematic of Current Flow

b. Schematic of Current Flow

ARC ATTACHMENT TO
ORIFICE ELECTRODE

a. Orifice Electrode Positive

b. Orifice Electrode Negative

Fig. 12 Photographs of Plasma Jet Operating with Different Orifice Electrode Polarities
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Orifice
Edge

Fig. 13 Photograph of Internal Arc of Plasma Jet
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a. Orifice Electrode Polarity Positive

b. Orifice Electrode Polarity Negative

Fig. 18 Photographs of Expanded Plasma Flame Operating
with Different Orifice Electrode Polarities
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